Attention-deficit/hyperactivity disorder (ADHD) is a heritable, chronic, neurodevelopmental disorder with serious long-term repercussions. Despite being one of the most common cognitive disorders, the clinical diagnosis of ADHD is based on subjective assessments of perceived behaviors. Endophenotypes (neurobiological markers that cosegregate and are associated with an illness) are thought to provide a more powerful and objective framework for revealing the underlying neurobiology than syndromic psychiatric classification. Here, we present the results of applying genetic linkage and association analyses to neuropsychological endophenotypes using microsatellite and single nucleotide polymorphisms. We found several new genetic regions linked and/or associated with these endophenotypes, and others previously associated to ADHD, for example, loci harbored in the LPHN3, FGF1, POLR2A, CHRNA4 and ANKFY1 genes. These findings, when compared with those linked and/or associated to ADHD, suggest that these endophenotypes lie on shared pathways. The genetic information provided by this study offers a novel and complementary method of assessing the genetic causes underpinning the susceptibility to behavioral conditions and may offer new insights on the neurobiology of the disorder. 
INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is one of the most common neurodevelopmental behavioral disorders, affecting 5.3% of children and adolescents worldwide. 1 The etiology and pathophysiology of ADHD are still not completely defined, but twin, adoption and family-based studies indicate a strong genetic component, particularly because first-and second-degree relatives of patients with ADHD have markedly higher prevalence of the illness. 2 Multiple studies, based on twin concordance comparisons and complex segregation analyses of pedigrees, have shown that ADHD is highly heritable; 2 the additive variance of the phenotype attributed to genetic factors is approximately 76%. 2 Though genetic factors have been broadly linked to the susceptibility to develop ADHD and some susceptibility genes have been identified, functional mutations harbored at these loci, such as the precise differences in base pairs, remain undefined. 3 Given that ADHD has a highly variable clinical manifestation with a complex syndromic clinical definition, it has been suggested that quantitative phenotypes, that is, endophenotypes, could be useful for dissecting the genetic basis of ADHD. As hypothesized intermediates between genes and disease outcomes, endophenotypes are thought to be directly influenced by fewer genes than disease phenotypes. 4 A previous study conducted on 288 individuals affected and unaffected with ADHD from the Paisa community, a population exhibiting features of genetic isolation from Colombia, South America, found a number of neuropsychological tests that met the criteria of endophenotypes. 5 The tests were aimed at ascertaining neuropsychological impairments frequently observed in patients with ADHD such as visual-motor functioning, executive function and intelligence. For executive function and intelligence, the following neuropsychological tests were performed: the Wechsler Intelligence Scale for Children (WISC) Block Design, performance intelligence quotient (PIQ) and full scale intelligence quotient (FSIQ) . Correct responses and omissions on the 'A'-cancelation and vigilance test (ACVT) were used to assess sustained attention, that is, vigilance. Finally, the Rey-Osterrieth complex figure test (ROCFT), standardized for Colombian children, was used to test visual-motor skills and immediate visual-motor memory recall. 5 Starting with the above-mentioned neuropsychological endophenotypes, we hypothesized that applying genetic linkage and association analyses would implicate new genetic regions. To this end, we performed such analyses between our putative ADHD endophenotypes and genomic polymorphisms, that is, microsatellites and single nucleotide polymorphisms (SNPs). Our results provide novel findings that extend previous approaches and may 1 offer new insights on the etiological components of this common behavioral condition, if replicated.
MATERIALS AND METHODS

Sample population
We studied multigenerational and extended and nuclear pedigrees from the Paisa genetic isolate from the Medellin metropolitan area in the state of Antioquia, Colombia. Family ascertainment and sample size has been described in our previous studies. 5, 6 Briefly, Paisa descent was considered as having all four grandparents originating from the Paisa region of Colombia. The original sample consisted of 1077 family members, 725 (67.3%) adults (17 years and older) and 352 (32.7%) children and adolescents (6-16 years old), from 141 nuclear and multigenerational families (126 nuclear and 15 extended and multigenerational families) from the Paisa genetic isolate [5] [6] [7] [8] with an average family size of 38.5 (range 5-85 individuals) and an average of 3.62 generations (range 2-5). Upon obtaining written informed consent from participating subjects and/or their parents/legal guardians, pedigrees were built through a fixed sampling scheme from a parent or grandparent of an index proband as approved by the University of Antioquia Ethics Committee (Protocol: 11-13-342). This mentioned Committee also approved a subsequent collaboration with researchers from the US National Institutes of Health (Protocol: 00-HG-0058). Full details of the clinical, demographic and genetic ascertainment features, as well as the methodology of endophenotype characterization were published elsewhere. [5] [6] [7] [8] Whole-genome scan non-parametric linkage Genotyping of microsatellite markers was previously described. 7 A total of 372 markers across the whole genome, with an average distance of 8.68 cM, were genotyped in the aforementioned study (Table 1 ). In the present effort, given the large and multigenerational unique nature of these pedigrees, we applied non-parametric linkage analyses, as implemented in MERLIN, to the genotyped data. 9 Association analyses, using a variance component model to estimate an additive effect for each microsatellite, was carried out, in addition to non-parametric linkage analysis. Before association evaluation, missing genotypes were estimated to increase statistical power. In addition to the non-parametric linkage analysis, we applied family-based association tests to the whole-genome scan data, under the null hypothesis of presence of no linkage and no association. In the case of previously linked regions, we applied familybased association tests under the null hypothesis of linkage and no association for single marker evaluation. In the case of haplotype analyses (shown in Supplementary Materials), the null hypothesis of no linkage and no association was tested. Five equidistant steps were arbitrarily defined between markers to estimate multipoint linkage statistics. Despite attempts to improve MERLIN's performance and resource use, it was computationally intensive and unable to run optimally because of the large pedigree sizes. To resolve this, we pruned some branches to decrease pedigree sizes. The pruning criteria were based on the availability of genotype and endophenotype information as well as family structure. The linkage analysis was carried out on six different endophenotypes (WISC Block Design, WISC PIQ, WISC FSIQ, ACVT Correct Responses, ACVT Omissions and ROCFT Copy scores) using age, sex, school grade and ADHD status as covariates to control for potential confounding factors.
Association analyses to loci linked to ADHD Fine-scale targeted genetic association with a resolution of~68 Kilo-base pairs (kb) was conducted to SNP markers spanning regions linked to ADHD, that is, 4q, 5q, 11p, 17p, 20q from the Paisa genetic sample 3 by using an approach similar to that previously described. 10 The 11p region refers to the linkage and association of variants of DRD4 to ADHD.
11 DRD4 is harbored in 11p. Unfortunately, we did not have enough data of the 11q-linked region in the set of paisa families. In the present studies, the data obtained were imported to SNP and Variation Suite (SVS) 7.6.7 (Golden Helix, Bozeman, MT, USA; http://www.goldenhelix.com) for association analyses. [12] [13] [14] The Golden Helix SVS 7.6.7 is an integrated collection of analytic tools for managing, analyzing and visualizing multifaceted genomic and phenotypic data. Parameters for excluding markers from analyses included: (i) deviations from Hardy-Weinberg equilibrium, (ii) a minimum genotype call rate of 70%, (iii) the presence of more than two alleles and (iv) monoallelic markers. Genotype and allelic frequencies were estimated by maximum likelihood. Family-based association tests as implemented in SVS 7.6.7 were applied to the whole set of markers that passed quality control. Genetic analysis, using the 
RESULTS
Sample population-inclusion/exclusion criteria From the 352 children and adolescents, 16 were excluded; 10 had a diagnosis of probably affected with ADHD and 6 were excluded because of incomplete clinical information. This left 336 young subjects, including 228 affected and 108 unaffected with ADHD in whom FSIQ was assessed. Only children and adolescents with FSIQ ⩾ 81 and with regular school grades corresponding to their age were included in subsequent analyses to exclude participants potentially affected with generalized learning disorders. After applying this exclusion criterion, a final sample of 288 children and adolescents remained, including 194 (67.4%) affected with ADHD and 94 (32.6%) unaffected. The proportion of excluded children and adolescents with FSIQ ⩽ 80 and academic problems did not differ statistically between affected (34/228; 14.9%) and unaffected children (14/108; 13.0%), (odds ratio = 1.17, 95% confidence interval: 0.6-2.3, chi-square = 0.2274, P = 0.63). We observed expected significant differences between ADHD affected and unaffected individuals on demographic covariates: sex (Po 0.00001), age (P o0.0001) and school grade (P o0.0001).
Whole-genome scan non-parametric linkage analyses We found LOD scores 42.0 for WISC Block Design on chromosome 2, marker D2S1360 (LOD = 2.51, P = 0.00034); WISC PIQ on chromosome 15, marker D15S131 (LOD = 2.06, P = 0.00103; and at marker D13S317 (LOD = 2.01, P = 0.00118); and for WISC FSIQ on chromosome 12, marker D12S1042 (LOD = 2.05, P = 0.00106 ( Figure 1 and Table 1 ). Nominal LOD scores 41.0 are presented in Table 1 . Additional linkage results are presented in the Supplementary Materials.
Association analysis to loci linked to ADHD The targeted association analysis was carried out to SNP markers spanning regions previously described to be linked with ADHD, that is, 4q, 5q, 11p, 17p and 20q. 3 Table 2 shows only the significant associations after FDR correction. The ROCFT endophenotype was associated to markers rs6551660 (G allele, P raw = 0.0009, P FDR = 0.0260) and rs2013374 (G allele, P raw = 0.0014, P FDR = 0.0260), both located within the Latrophilin 3 gene (LPHN3) (Figure 2 ). We also found that rs2282794, harbored in the Fibroblast growth factor 1 (FGF1) gene, was significantly associated with ROCFT. Two markers were found to be significantly associated with WISC Block Design, rs2228130 (A allele, P raw = 0.0018, P FDR = 0.0260) and rs333117 (C allele, P raw = 0.0051, P FDR = 0.0350) located within the Polymerase (RNA) II (DNA directed) polypeptide A (POLR2A) and between the Protein spinster homolog 3 (SPNS3) gene and the Protein spinster homolog 2 (SPNS2) gene, respectively. Two markers were found to be significantly associated with WISC FSIQ, rs2236196 and rs3746372 located within the Cholinergic receptor, nicotinic, alpha 4 (neuronal) (CHRNA4) gene and between the uncharacterized LOC100130152 and the Potassium voltage-gated channel subfamily KQT member 2 (KCNQ2) genes, respectively. Three markers were found to be significantly associated with WISC PIQ, the two markers with the highest association being rs2236196 and rs1565902, which are located within the CHRNA4 and LPHN3 genes, respectively. Marker rs1982177, located within the Ankyrin repeat and FYVE domaincontaining protein 1 gene (ANKFY1) was found to be associated to ACVT Omissions and ACVT Correct Responses. Haplotype results are presented in the Supplementary Materials section.
DISCUSSION
One of the long-term goals of finding associations between endophenotypes and specific loci and/or genes is the prediction of disease risk before clinical symptoms manifest fully. As a preliminary approach, this exploratory study sought possible associations between neuropsychological impairments frequently observed in patients with ADHD and novel genes. By using neuropsychological and genetic data from multigenerational families from the Paisa genetic isolate, we performed genetic linkage and association studies for several neuropsychological endophenotypes of ADHD. Linkage analysis was used to identify potential chromosomal regions. Then, association analysis was applied to specific loci identified as linked to ADHD in these pedigrees with the aim of identifying potential new candidate genes or to evaluate loci previously defined within the LPHN3 gene.
Our linkage analyses yielded nominal linkage at multiple chromosomal regions for WISC Block Design, WISC PIQ, WISC FSIQ, ACVT Correct Responses and ACVT Omissions. The six endophenotypes tested for a diverse range of performance, from fluid intelligence to sustained attention and visual-motor skills. We found genomic regions previously implicated in ADHD linked to our endophenotypes in chromosomes 4q13.2, 5q33.3, 11p15.5, 12p11.23 and 17p11. The overlapping of our linked regions to endophenotypes, that is, 2p24.2, 13q31.1, 15q23 and 12p11.23 to those reported by other studies is very difficult to demonstrate without applying a formal meta-analysis. However, our linkage results suggest that there is convergence with other endophenotype linkage studies in chromosomes 2, 3, 4, 12, 13 and 14 (ref. 15, 16) (Figure 3 ).
The implicated chromosomes described here and in other endophenotype studies could lead to the identification of novel candidate genes for ADHD, for example, promising linkage results from chromosome 13 led to the identification of TUBA3 as a potential ADHD candidate gene. 15 These results support the concept that endophenotype measures could be a good indicator of ADHD status, but it is important to emphasize that by definition an endophenotype is not identical to a diagnosis, for example, an endophenotype is presumed to be more directly related to genetic factors, but many individuals will exhibit the endophenotype without the diagnosis, and vice versa. 4 Association analyses carried out on selected chromosomal regions (4q, 5q, 11p, 17p and 20q) revealed significant associations for all tested endophenotypes, particularly close to the genes LPHN3, FGF1, POLR2A, SPNS3, SPNS2, KCNQ2, CHRNA4 and ANKFY1. Interestingly, ROCFT was the endophenotype with the greatest significance in association studies even though it did not yield any nominal linkage signals. From the ROCFT association studies, two genes of interest were identified, LPHN3 and FGF1. LPHN3 encodes a member of the latrophilin subfamily of G protein-coupled receptors and has already been implicated in ADHD. 3 Latrophilins are thought to function in cell adhesion and signal transduction. LPHN3 is highly expressed in the brain, particularly in the amygdala, caudate nucleus, pontine nucleus and cerebellum. 10 A loss of LPHN3 function caused a reduction in the number and misplacement of dopamine-positive neurons in the ventral diencephalon of zebrafish which displayed a hyperactive/impulsive motor phenotype. 17 Hyperactivity/impulsivity or a lack of attention and motor control, prominent symptoms of ADHD, should impair the ability to perform the ROCFT copy test. Thus, the significant association between LPHN3 and the ROCFT suggests that this endophenotype may be useful in dissecting the complex pathophysiology of ADHD.
Our ROCFT analysis also showed significant associations with FGF1. FGF1 encodes for a protein in the fibroblast growth factor (FGF) family. The FGF family is involved in a broad range of mitogenic and cell survival activities ranging from embryonic development, cell growth, morphogenesis, tissue regeneration, tumor growth and invasion. 18 The FGF1 protein has a role in neuronal survival in Alzheimer's disease and is thought to be involved in its pathophysiology. 19 This gene could represent a novel candidate gene for ADHD by virtue of its involvement in neuronal survival, which may underlie the consistently decreased brain volume observed in ADHD. 20 FGF1 was found to be highly expressed in brain regions related to major depression that might also be relevant for ADHD such as the dorsolateral prefrontal cortex and the anterior cingulate cortex. 21 The association analyses also showed that CHRNA4 was significantly associated with WISC FSIQ and WISC PIQ endophenotypes. This gene encodes a subunit of the neuronal nicotinic acetylcholine receptor, which is widely distributed in the brain and is involved in attention, memory and perception. 22 This gene has previously been associated with ADHD and is strongly implicated in tobacco addiction. [22] [23] [24] On the basis of the comorbidity of substance use disorders (particularly nicotine addiction) with ADHD, 3, 8, 25 and the distribution of receptors that would be affected by CHRNA4 mutations, this gene and the nicotinic pathway should be examined more closely to better understand the pathophysiology of ADHD.
Association analyses also found significant associations for WISC Block Design and markers close to SPNS3/SPNS2 and POLR2A. SPNS3 is a gene that belongs to the solute carrier family 22 (SLC22) expressed in rat frontal cortex. 26 However, the possible functions of SPNS3 within the brain remain unknown. With regard to SPNS2, there is no evidence of a specific role in brain, but it appears to be essential in cell trafficking from the bone marrow to blood. 27 The POLR2A gene encodes the primary subunit of the RNA polymerase II, which synthesizes messenger RNA in eukaryotes. 28 As there is scarce information about this gene, its possible involvement in ADHD remains to be studied.
A gene marker close to KCNQ2, a potassium channel encoding gene, was associated with WISC FSIQ. KCNQ2 mutations are involved in forms of benign familial neonatal epilepsy, a condition that can co-occur with ADHD. 29, 30 Finally, the biological relevance of the association between the endophenotypes ACVT Omissions and ACVT Correct Responses with ANKFY1 remains unknown. ANKFY1 encodes an endosomal protein that participates in cell trafficking and is expressed in several tissues including the brain, but this gene has not been previously related to any neuropathological conditions. Given that these pedigrees were ascertained because of ADHD clustering, our analyses controlled for ADHD as a predictor (covariate of interest) to determine genetic effects after adjusting for ADHD. By adding ADHD status to the conditional mean model and also using such status for the offset computation, we also increased the power of the family-based association test statistic substantially. 31, 32 This study has several limitations. Chromosome 2 had the highest linkage score for WISC Block Design (LOD = 2.51) in our analyses and was shown to be a locus with significant linkage when Motor Timing was studied as a potential ADHD endophenotype. 15 However, we only performed association analyses on our six endophenotypes from chromosome 4 onwards. This was because of the limited availability of SNP genotyped data for chromosome 2 in our sample. As a result, we were unable to observe potential associations to candidate genes on chromosome 2.
Even though the number of individuals in this study was of sufficient size to capture endophenotype associations, the sample derived from a genetic isolate, the Paisas. This genetic isolate has been useful in identifying a number of genes associated to endophenotypes and potentially to ADHD, 5 but our association findings need to be replicated in independent populations and meta-analyzed to determine whether our results will apply to diverse populations. We pursued such a strategy for LPHN3, in which the initial finding was made in the Paisa genetic isolate and replicated in German, Spanish, American and Norwegian samples. 10 Thus, future replications in non-Paisa populations are planned. Further studies should also be carried out on the genes of interest that were significantly associated to the endophenotypes in this project, particularly FGF1 and CHRNA4, to determine whether their variants confer susceptibility or protection for ADHD.
In conclusion, we found that neuropsychological endophenotypes were useful in discovering potential candidate genes related to ADHD that can afford greater insight into the pathophysiology of the disorder. Our analyses support the concept that the six endophenotypes are potentially linked and/or associated to ADHD. The ROCFT and WISC endophenotypes are specially promising, relative to the use of clinical categorical criteria alone, as they are able to identify individuals along a continuum. These are also widely available well-standardized measures. Furthermore, using different endophenotypes may also allow narrowing the specific neurobiological issue faced by individual subjects, because different pathways were implicated. For example, lower scores on the WISC could implicate the nicotinic pathway (because CHRNA4 was associated with WISC endophenotypes) while lower scores on the ROCFT might implicate frontal-parietal circuits given FGF1 association with the endophenotype. Thus, from linkage and association analyses, endophenotypes provide a powerful, objective and independent framework to current syndromic psychiatric classification in assessing the potential genetic causes underpinning ADHD susceptibility. 
